The effect of film thickness on the strain and structural properties of thin epitaxial AlN films has been investigated by high resolution x-ray diffraction techniques and transmission electron microscopy. As a result a sublayer model of the degree of strain and related defects for all films is proposed. A sublayer with low defect density and a strain gradient is found to be present in all films and it reaches a maximum thickness of 65 nm. The films are compressively strained and the strain relaxation after a thickness of 65 nm is shown to be accompanied by misfit dislocation generation and increase of the mosaic tilt. The vibrational properties of the films have been studied by generalized infrared spectroscopic ellipsometry. The proposed sublayer model has been successfully applied to the analysis of the ellipsometry data through model calculations of the infrared dielectric function which confirm the sublayer model. It is found that the strain gradient results in a gradient of the phonon mode frequencies and broadening parameter. The initial strain relaxation in the films leads to narrowing of the observable infrared modes, while further strain relaxation broadens the modes when substantial defect generation occurs.
I. INTRODUCTION
Recently, much attention has been focused on AlN because of its attractive physical properties. Due to its high thermal conductivity, high hardness, and stability at elevated temperatures and in caustic environments, AlN is a good candidate for electronic packaging applications. In addition, AlN is considered a promising material for high power optical and surface acoustic wave device applications. AlN also forms a continuous alloy system with GaN, exhibiting a tunable band gap, which is suitable for optical devices operating from blue to the ultraviolet region. 1 In addition, AlN thin films have appeared to be one of the most suitable buffer layers for good quality GaN growth on foreign substrates. 2 Despite the recent progress, there are still problems to synthesize the material in the form of high quality epitaxial films. 3 Among the different techniques used to obtain AlN, reactive magnetron sputter epitaxy ͑MSE͒ provides ultrahigh vacuum conditions and excellent opportunities to control the growth process. 4 Using this technique AlN layers with good crystalline quality and high purity have been grown on SiC. 4, 5 We previously reported that high temperature MSE-AlN has been successfully used as a buffer layer for hydride vapor phase epitaxy ͑HVPE͒ of thick GaN layers on sapphire. 6, 7 In contrast to metal organic vapor phase epitaxial GaN grown on low temperature AlN, 8 no highly faulted nucleation zone is found in HVPE-GaN grown on high temperature MSE-AlN 6,7 and the reason is believed to be a specific microstructure of the AlN buffers. Details about the effect of the buffer layer properties on the HVPE-GaN quality and the epitaxial relationship between the AlN films and the substrate were previously reported. 4, 9 Relatively high dislocation densities, mosaicity, tilted, and twisted small crystallites are well-known characteristics of III-nitride heteroepitaxial layers. 10 Signatures of these defects can be revealed by x-ray diffraction ͑XRD͒ techniques. The application of XRD methods for studying III-nitrides presents some challenges because there is an anisotropic distribution of dislocations in the films, related to the wurtzite structure. A broadening of the XRD curves is affected not only by the dislocation structure, but also by heterogeneous strain, impurities, and instrumental broadening. Reciprocal space mapping ͑RSM͒ provides an excellent tool for determining defect distribution and degree of strain relaxation in films and heterostructures. 11 We note that the studies of the structural properties of thin AlN layers are mostly performed with a focus on the application of the AlN as buffer layers for a subsequent GaN growth. 4, 9, [12] [13] [14] Another aspect is the lack of detailed studies of the strain effect on the infrared ͑IR͒ vibrational properties of thin AlN layers. We have recently reported on the experimental determination of the E 1 ͑TO͒ deformation potentials in AlN.
However, more information about the parameters of IR active modes is needed, especially for the purposes of modeling the IR response of complex III-V nitride heterostructures, which very often contain a thin AlN buffer layer strained to a different extent 16, 17 or/and an AlN based alloy. 18 In this work MSE-AlN layers on a-plane sapphire substrates are studied by high resolution ͑HR͒XRD, transmission electron microscopy ͑TEM͒, and generalized infrared spectroscopic ellipsometry ͑gIRSE͒. We focus on the evolution of the strain versus layer thickness, and two main relations are investigated: (i) between structural properties and strain and (ii) between vibrational properties and strain. Further, the strain in the films is correlated with the frequencies and broadening parameters of the IR active phonon modes.
II. SAMPLES
AlN layers were deposited on ͑1120͒-oriented sapphire (a-plane) by reactive dc magnetron sputter epitaxy under ultra-high vacuum conditions ͑Ͻ5 ϫ 10 −9 Torr͒. A 75-mm diameter aluminum disk (purity of 99.999%) was used as a target for sputtering in an atmosphere of purified nitrogen gas ͑99.999999% ͒ kept at 10 mTorr. AlN layers with thicknesses in the range of 30-110 nm were obtained at a deposition rate of 0.05 nm/ s and a constant magnetron target current of 1 A. The substrate-to-target distance was 135 mm and the substrate temperature was kept at 1000°C, as measured by a thermocouple placed behind the substrate. It is difficult to measure the temperature on the surface of a transparent substrate, but it may be lower than 1000°C, due to IR transparency.
III. EXPERIMENTAL AND THEORETICAL PROCEDURES
In order to determine the film thickness we performed low-angle x-ray reflectivity (scattering angle 2 ഛ 20°) measurements using a Bragg-Brentano diffractometer with Cu K␣ 1 -radiation, having an instrumental broadening of Ͻ0.05°. The measured low-angle reflectivity curves were simulated to obtain the film thickness, using the Philips software Win-GIXA. 19 The crystal structure of the AlN buffer layers was investigated by HRXRD using a Philips triple axis material research diffractometer ͑MRD͒ system. The possible scan axes are the azimuthal angle , the tilt angle between the scattering vector and the sample surface, the angle 2 between the incident and diffracted beams, and the "rocking" angle . A parabolic graded multilayer mirror collimator, followed by a channel-cut 2-bounce Ge͑220͒ monochromator on the primary side and an asymmetric 2-bounce Ge͑220͒ analyzer crystal giving a resolution of 36 arcsec (around 2 = 30-40°) were used for reciprocal space mapping. The reciprocal space maps ͑RSMs͒ were recorded as consecutive coupled 2 − scans each separated by an offset. Single and 2 − scans were also measured by a Philips MRD system equipped with a Ge 4-crystal (220) monochromator and a symmetric 2-bounce Ge͑220͒ analyzer in triple axis configuration. The latter gave a resolution of 12 arcsec using Cu K␣ 1 -radiation.
To account for an eventual miscut of the substrate and to provide reproducible measurements the following procedure was employed in the HRXRD and RSM investigations. As a first step the orientations of the AlN ͕1013͖ planes at grazing angle of incidence were found in an azimuthal -scan. In this way the reflection planes were brought into the diffraction condition without any inclination and therefore a broadening of the rocking curves due to possible azimuthal twist between subgrains is avoided. 20 Then the azimuth of the narrowest and strongest peak was chosen. For this fixed azimuth an optimization procedure of the angle of inclination was applied by performing successive AlN 0002 -scans, each separated by a small offset and then a similar optimization was performed at the AlN 1013 peak. Finally all angular ͑͒ and radial ͑2 − ͒ scans, as well as the RSMs were carried out at the optimized opt and opt angles.
Room-temperature gIRSE measurements were performed in the spectral range of 350-1500 cm −1 with a spectral resolution of 2 cm −1 , and at 70°angle of incidence. Details about the rotating-compensator Fourier-transform-based spectroscopic ellipsometer (J. A. Woollam Co., Lincoln, USA) used are reported in Ref. 21 .
The samples were oriented such that the sapphire [0001] axis and the plane of incidence included an angle of approximately 45°. All measurements were performed in the generalized spectroscopic ellipsometry mode, and the spectra of the normalized complex Jones matrix elements R pp , R ps , and R sp defined further below, were determined.
Ellipsometry determines the ratio of the complex reflection coefficients R p and R s for light polarized parallel ͑p͒ and perpendicular ͑s͒ to the plane of incidence, respectively, 22
where ⌿ and ⌬ denote the ellipsometric angles. Since both AlN and sapphire are anisotropic materials and because of the a-plane orientation of the substrate (the AlN layers are c-plane oriented themselves) it is necessary to apply a generalized ellipsometry approach. [23] [24] [25] In the generalized ellipsometry situation Eq. A regression analysis is necessary to obtain the IR optical properties from the IRSE data. Further details about the data analysis are given in Refs. 18 and 27 and references therein. The anisotropic AlN dielectric function is parametrized as follows (j = ʈ and j = Ќ to the c-axis):
where TO,Ќ , TO,ʈ , LO,Ќ and LO,ʈ denote the frequencies of the AlN E 1 ͑TO͒, A 1 ͑TO͒, E 1 ͑LO͒, and A 1 ͑LO͒ modes, respectively and ␥ TO,Ќ , ␥ TO,ʈ , ␥ LO,Ќ , ␥ LO,ʈ are the respective broadening parameters. ϱ,Ќ and ϱ,ʈ are the high-frequency limits for polarization perpendicular and parallel to the AlN c-axis. TEM imaging was performed using a Philips electron microscope operated at 200 kV. Cross-sectional samples were prepared by a conventional procedure including mechanical polishing followed by ion milling to electron transparency. The TEM imaging was performed at imaging conditions (g, 3g), g AlN = ͑0002͒. 28
IV. RESULTS AND DISCUSSION

A. Strain evolution
The XRD analyses were initiated with 2 − scans that showed that all films consist of c-oriented crystalline wurtzite AlN with ͑0001͒ AlN / /͑1120͒ sapphire . The AlN 1013 azimuthal scans of all AlN layers (not shown here) exhibited six-fold symmetry showing that the films are epitaxial with an epitaxial relationship ͑0001͒ AlN / /͑1120͒ sapphire and ͓1100͔ AlN / /͓0001͔ sapphire . Figure 1 shows high resolution reciprocal space maps around the 0002 AlN reciprocal point from films with different thicknesses. A well-resolved main peak and a lowintensity streak in the direction normal to the sample surface are seen in all RSMs in Fig. 1 . The c lattice parameter is determined for each film from the RSM main peak using the transverse scattering vector q Ќ
where d Ќ is the lattice spacing perpendicular to the film plane and l = 2 is the respective Miller index. The achieved precision in the determination of the lattice parameter is 2 ϫ 10 −5 . The calculated lattice parameters c of all AlN films are larger than the unstrained one for bulk AlN c 0 = 4.9816 Å. 29 The value of the out-of-plane strain decreases with increasing film thickness from 30 to 110 nm as 0.39, 0.36, 0.25, and 0.15% indicating some partial strain relaxation.
The a lattice parameter was determined for one representative sample from the 1013 RSM (not shown here) using the lateral scattering vectors
We found that the a lattice parameter is smaller than that one of unstrained AlN a 0 = 3.1130 Å (Ref. 29) showing a presence of in-plane compressive strain in the film. Such a biaxial compressive stress is expected to occur in AlN layers on sapphire due to the difference in the thermal expansion coefficients of sapphire and AlN. 30 The ratio between the inplane and out-of-plane strain gives value of 2.1 being slightly lower than the C 33 / C 13 value of 2.8 (Ref. 31). The observed difference can be understood having in mind the uncertainty of the stiffness constants of AlN. Another explanation could in principle be a contribution of hydrostatic strain. However, such contribution should be rather small in our films since previous study on MSE-AlN showed that the films are stoichiometric with low impurity levels. 4 Hence, we conclude that the in-plane strain in our films is of biaxial compressive nature. The presence of biaxial compressive strain in the films has been confirmed by the observed blueshift of the E 1 ͑TO͒ mode frequency with increasing strain. 15 It is seen from Figs. 1(a)-1(c) that the RSMs of 30-, 50-, and 70-nm-thick AlN reveal very narrow main peaks in the direction parallel to the surface plane and elongated in the surface normal direction, which is typical for strained epitaxial layers. 32 However, the 0002 peak is twice broader for the 70-nm-thick AlN compared to the 50-nm-thick AlN, indicating that the initial strain relaxation proceeds via misfit dislocation formation or/and increase of the tilt component [Figs. 1(b) and 1(c)]. An additional lattice distortion in this film could be inferred from the broadening of the low-intensity RSM component in lateral direction. The 0002 peak of the 110-nm-thick AlN is considerably broadened in the direction parallel to the surface plane. The observed peak shape is characteristic for a relaxed single crystalline film with a distorted lattice resulting from a generation of misfit relaxation dislocations. 32 The low-intensity streak in all the RSMs in Fig. 1 appears at lower scattering vectors than the main peak. This implies that the scattering comes from a "sublayer" with larger c lattice parameters than that one of the main layer, i.e., the "sublayer" is more strained. The streak is elongated in the direction perpendicular to the sample surface suggesting a strain gradient along the growth direction. A strain gradient in thin AlN layers on sapphire has previously also been observed by XRD using synchrotron radiation. 33 On the other hand no diffuse scattering can be seen around the streak (Fig.  1) indicating that the gradual change of the lattice parameter is not accompanied by a generation of structural defects. Such a strain relaxation mechanism is based on the diminishing of the lattice mismatch as a result of atomic rearrangements and may include a change of stoichiometry. 34 The presence of a strain gradient in our films is also manifested in their radial scans. Figure 2 shows single 2 − scans for the AlN films with different thicknesses. The shift of the main peak toward larger scattering angles indicates a strain relaxation, while the presence of an additional low-intensity peak at the low-angle side of the main peak can be associated with a strain gradient in the films. Figure 3(a) shows the 2 − scan of the 50-nm-thick film together with a simulation curve obtained using the software Epitaxy 3.0 provided by Philips. The simulation is performed for strained AlN with thickness of 49.5 nm which agrees well with the x-ray reflectivity results about the film thickness of 50 nm. The x-ray reflectivity measurement and the respective simulation curve are given in Fig. 3(b) . As seen from Fig. 3(a) there is higher scattered intensity at the low-angle side of the peak only in the experimental scan which is a direct indication of the presence of a strain gradient in the film. In addition, interference fringes can also be seen in the experimental radial scan. They can be detected only in relatively thin layers with a high crystal quality and parallel interfaces. This result is in agreement with the RSM results [ Fig. 1(b) ] showing a peak which is narrow in the direction parallel to the sample surface, and it is also consistent with the abrupt and parallel interfaces, observed by high resolution transmission electron microscopy. 7 It is seen from Fig. 2 that the intensity of the strain gradient peak decreases appreciably with increasing thickness as compared to the main peak intensity. Moreover, the strain gradient peak can hardly be detected in the single scan of the thickest AlN film. This evolution with film thickness indicates that the highly strained graded "sublayer" appears most probably at the interface with the substrate in order to accommodate the large lattice mismatch. Therefore, based on the RSM and single scan XRD analysis we suggest that the observed low-intensity streak in the RSMs could be attributed to the presence of an interfacial layer with low defect density and a strain gradient along the growth direction.
B. Strain and structural properties
The full width at half maximum (FWHM) variation of the AlN 0002 peak with film thickness is shown in Fig. 4 . One can see a minimum in the dependence around 50 nm and after that the FWHM increases from 20 to 3240 arcsec with increasing AlN thickness up to 110 nm. The broadening of the 0002 rocking curve indicates an increase of mosaic tilt and density of dislocations with a screw component and a line component along the [0001] direction. 35 In principle, the broadening of the 0002 rocking curve could also be due to a presence of domains with small lateral sizes. It is unlikely to have such a contribution to the broadening in our case, since a domain boundary annihilation is usually observed with increasing film thickness. 36 Our results suggest that for MSE-AlN on sapphire the critical thickness needed for misfit dislocations to appear and consequently to relieve the strain, is between 50 and 70 nm. It has been shown that the critical thickness in the case of metal organic vapor phase epitaxial AlN layers on sapphire is less than 90 nm. 37 In contrast to the 0002 rocking curves the asymmetric 1013 peaks of all AlN layers are very broad, with FWHMs typically around 4000 arcsec, measured without the symmetric analyzer (for intensity reasons). In this measuring geometry broadening due to finite thickness is superimposed with the -broadening due to structural defects. A broadening due to finite thickness effects would be at most 1200 arcsec as estimated from the transverse widths of the 1013 peak, which is much less than the observed FWHMs. Therefore, the observed large values of 4000 arcsec could be related to the presence of defects. The peak widths of the asymmetric reflections hkil planes with h and/or k nonzero are affected by the density of threading edge dislocations and the mosaic twist. 35 An azimuthal twist (twist axis parallel to the c-axis) broadens all reciprocal lattice points circumferentially around the c-axis. Then, for the the 1013 peak, which is measured without any inclination of the surface normal with respect to the substrate plane, the twist broadening is perpendicular to the scattering plane and thus do not contribute to the rocking curve width. 20 Therefore, the major effect causing the observed 1013 rocking curve broadening is the density of edge type dislocations. We note that the symmetric rocking curves of the AlN layers are much narrower compared to the respective asymmetric 1013 peaks. Thus, our results show that the dislocations in the MSE-AlN layers are predominantly of edge type, similarly to earlier observations for GaN grown by HVPE and molecular beam epitaxy.
20,35
The broadening of the symmetrical Bragg peaks in radial direction is caused by small coherence lengths in the surface normal direction and heterogeneous strain along the c-axis. These two effects can be separated either by using their different dependency on the diffraction vector or by the different manner they affect the peak shape. 38 Using the second method we obtained the structural coherence lengths normal to the surface from the integral 0002 2 − peak widths. [38] [39] [40] The AlN 0002 2 − FWHMs and the corresponding coherence lengths as a function of the film thickness are shown in Fig. 5 . The FWHM of the radial scan decreases with increasing AlN thickness indicating an increase of the coherence length. For the 30-nm-thick film the estimated coherence length coincides with the corresponding film thickness (plotted with a solid line in Fig. 5 ). The coherence lengths of the 50-and 70-nm-thick films are 38 and 56 nm, respectively. These results imply that the 2 -FWHMs for these samples are mainly limited by the layer thickness and not by crystalline defects. The structural coherence length of the 110-nm-thick AlN is 63 nm suggesting a deterioration of the crystal quality with increasing thickness, as already inferred by the broadening of the rocking curve (Figs. 1 and 4) . To further support these XRD findings a TEM study was performed. A TEM weak beam dark-field image of a crosssection of the thickest AlN sample is shown in Fig. 6 . Regions with Moire fringes, 41 indicated by arrows, are well resolved in the image. They are caused by the presence of grains with a deviation of their c-axis from the one of the main film and indicates mosaicity in the film. It is seen that the mosaicity increases towards the top surface of the film in accordance with the XRD results showing a distorted crystal quality after a certain thickness (Figs. 1, 4 , and 5). In addition, the interfacial region of the layer is apparently free of dislocations and with low density of mosaic regions in agreement with the RSM results. Therefore, we conclude that a layer with a distorted crystal quality is formed on the top of the film after a certain thickness. Based on the RSM, single XRD and TEM results a model of the sublayer structure, characterized by different degrees of strain and defect density can be derived for each film. This is schematically presented in Fig. 1 , where the sublayer structure is shown for all Fig. 1(c) ]. The HR RSM and XRD analysis and the TEM show a deterioration of the structural parameters of the 110-nm-thick AlN layer [ Figs. 1(c), 3, and 4 ], which is accounted for in the model by adding a defective layer as shown in Fig. 1(d) .
C. Strain and vibrational properties
Figures 7 and 8 show experimental and calculated ⌿ and ⌬ spectra, respectively, for the 30-, 50-, 70-, and 110-nmthick AlN layers. The off-diagonal elements ⌿ ps , ⌬ ps , and ⌿ sp , ⌬ sp are shown only for the thinnest AlN layer and are not included for the rest of the films for the sake of simplicity. The application of generalized ellipsometry is required since besides the anisotropic dielectric functions and the film thickness, the sample orientation needs to be found. 42 The off-diagonal elements are mostly needed to locate the exact in-plane orientation of the sapphire c-axis during the gIRSE measurements, i.e., the angle that the sapphire c-axis includes with the plane of incidence. Prerequisite for the data analysis is the precise knowledge of the sapphire dielectric functions, which was reported by Schubert et al. 27 and it was taken without any changes in the present work. To obtain the calculated data for each sample the models derived from the XRD analyses were used. The models were constructed of several "layers" on the base of the respective AlN 0002 RSM, also shown in Fig. 1 above the corresponding model. The model parameters that were allowed to vary during the gIRSE data analysis are the E 1 ͑TO͒, E 1 ͑LO͒, and A 1 ͑LO͒ frequency and broadening parameters, ϱ , the thickness of each "layer," and the in-plane orientation of the sapphire [0001]. Due to the c-plane orientation of the AlN layers the ellipsometry data are not sensitive to the TO resonance frequency with polarization vector parallel to the sample normal. 18 Consequently, the A 1 ͑TO͒ phonon mode resonance could not be found and a value of 611 cm −1 (Ref. 31) was used in the calculated data as an input parameter. We used a multiple-sample best-fit procedure which employs a simultaneous minimization of all weighted error functions for each experimental set and the respective model calculation, where all model calculations share a common set of parameters for the individual model layer constituents. 43 In this way each of the sublayers (graded, relaxed, and defective sublayers) contain common parameters in the models for all samples. The E 1 ͑TO͒, E 1 ͑LO͒, and A 1 ͑LO͒ frequencies and broadening parameters are varied along the thickness of the graded layer in a linear manner. The grading of the IR mode parameters was realized by approximating the graded layer with 12 homogeneous layers. No grading of these parameters is applied for the relaxed and defective layers. In such a way the calculated data for the 30-and 50-nm-thick AlN layers were obtained using a three-phase model: ambient/graded layer/ substrate. For the 70-nm-thick film we used a four-phase model: ambient/relaxed layer/graded layer/substrate. Finally, for the 110-nm-thick AlN film a five-phase model was employed: ambient/defective layer/relaxed layer/graded layer/ substrate. We note that the three-phase model could not be applied to the 70-and 110-nm-thick AlN films. In addition, the introduction of a defective layer in the model of the thickest sample significantly improves the agreement between measured and calculated data. These results further justify the proposed sublayer model of the degree of strain and related defect structure.
The gIRSE spectra of the samples are dominated by the reststrahlen bands of sapphire, indicated by the brackets below spectra (a) in Figs. 7 and 8 . The sharp peaks in both ⌿ and ⌬ spectra within the sapphire reststrahlen range ͑300-980 cm −1 ͒ are due to bands of total reflection for the p and s polarized light components between the E u and A 2u phonon modes (for further details see Ref. 27 ). The lattice modes of the AlN films also affect the ⌿ pp and ⌬ pp spectra. In particular, the gIRSE spectra provide high sensitivity to the frequency and broadening parameter of the AlN E 1 ͑TO͒ mode. It is seen in Figs. 7 and 8 that for all samples a distinctive spectral feature in ⌿ pp and ⌬ pp appear near the E 1 ͑TO͒ resonance. The appearance of a spectral feature in ⌿ pp related to the A 1 ͑LO͒ mode has been shown to depend on the film thickness, mode broadening, and layer sequence. 44 No A 1 ͑LO͒ related feature is detected for our films. On the other hand, no spectral structure could be directly attributed to the E 1 ͑LO͒ mode, but both A 1 ͑LO͒ and E 1 ͑LO͒ phonon mode parameters can be obtained from the line-shape analysis. Due to the very small thickness of the films compared to the wavelength of the IR probe beam, the IR data have little sensitivity to the anisotropy of the AlN IR optical properties. Therefore, we treated the parameters LO,j , ␥ j , and ϱ,j isotropically. The best-fit parameter values for the AlN films are given in Table I . The gIRSE results show that close to the interface with the substrate the AlN E 1 ͑TO͒ frequency is 692 cm −1 ( Table I ). This value is larger than the strain-free value of 669 cm −1 (Ref. TABLE I. Best-fit values for the high-frequency dielectric constant ϱ , the E 1 ͑TO͒ and (isotropically averaged) LO frequencies, as well as for the phonon mode broadening parameter and the thicknesses of the individual sublayers, according to the gIRSE regression analysis using the sublayer models depicted in Fig. 1 . Thickness of the whole layer as determined by x-ray reflectivity.
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layer. We note that the E 1 ͑TO͒ frequency covers a much broader interval of values along the graded layer due to the large broadening parameter. The strain gradient along the graded layer, ⌬e zz , can be estimated from the RSMs according to Eqs. (6) and (7) and using the strain-free value of the c lattice parameter reported in Ref. 29 . Then, in the case of predominant biaxial strain, we estimated the frequency shift of the E 1 ͑TO͒ mode along the graded layer using 15
where a E directly obtained from the gIRSE results for the graded layer (see Table I ). We note that a possible contribution of hydrostatic strain, related to some stoichiometry change along the graded layer, is not accounted for in Eq. (9) . The difference between the estimated values of the E 1 ͑TO͒ frequency shift and the determined one from the gIRSE can be explained by the uncertainty in the stiffness constants and in the deformation potentials. 15, 46 It is worth mentioning that the experimentally determined deformation potentials of the AlN phonon modes reported so far 15, 46 are based on studies of relatively thin AlN films. Therefore, a presence of a strain gradient that has not been accounted for may influence the determined values and could possibly explain the existent discrepancy between experimentally determined and calculated deformation potentials. 15, 46, 47 The broadening parameter also evolves with strain, being much larger at the interface with the substrate and gradually decreasing along the thickness of the graded layer ( Table I) . In principle, the nearinterface region in highly mismatched heterostructures is usually very defective, due to the accommodation of the large lattice mismatch between the substrate and the film. 48 Therefore, a large value of the broadening parameter close to the interface would not be surprising and could be related to the presence of defects. However, we note that the RSM and TEM results showed that the interfacial sublayers of the films are virtually free of dislocations and with low degree of mosaicity, which we relate to an initial coherent growth of highly strained AlN with a strain gradient. Another possible explanation is that the broadening parameter could be widened in an attempt to mimic a larger strain gradient than the one given by the frequency shift or to account for a possible nonlinear grading. Similar to the E 1 ͑TO͒ mode, the LO frequency also experiences a shift along the graded layer ( Table I) .
The E 1 ͑TO͒ mode in the relaxed layer has a frequency of 669 cm −1 coinciding with the strain-free value 45 and a relatively small broadening parameter of 15 cm −1 ( Table I) . The structural investigations showed that further growth up to a thickness of 110 nm is disturbed by dislocation generation and increase of the degree of mosaic tilt (Figs. 1 and 4-6 ). This is manifested in the gIRSE response by an increase of the broadening parameter up to 70 cm −1 and the value of the E 1 ͑TO͒ frequency up to 674 cm −1 with respect to the corresponding values for the relaxed layer. The latter could be related to microstructure variation or generation of defects which create strain fields. We note that the generation of strain possibly due to grain growth or island coalescence was detected by in situ measurements for thick GaN films. 49 The total thicknesses of the AlN films determined from the gIRSE results are very close to the values estimated by XRD, being slightly larger. The observed difference is most probably related to the employment of different model parameters in the gIRSE and x-ray reflectivity data simulations. These model parameters (for instance, the material density and the dielectric constant) differ from the bulk values available in the literature and in addition are strongly dependent on the defect structure in a complex manner and may correlate with the film thickness. 50 The results for the individual thicknesses (Table I) show that a strained growth of high quality material is realized up to a thickness of 58-65 nm, in agreement with the XRD findings that the strain relaxation via misfit dislocation generation occurs between 50 and 70 nm. Further relaxed growth of approximately 25 nm without a significant deterioration of the crystal quality can be achieved. Any further increase of the film thickness is related to substantial defect generation. We note that the thickness value of 58-65 nm of the high-quality strained AlN layer also confirms our previous findings for the optimal buffer thickness for subsequent HVPE-GaN growth. 
V. CONCLUSIONS
The strain evolution and its effect on the structural and vibrational properties of thin epitaxial AlN layers with different thicknesses have been studied by HRXRD, TEM, and gIRSE. Based on the HRXRD and TEM results a model of the strain evolution with film thickness and related defect structure is suggested and it is successfully applied to the gIRSE data analysis. A layer with low defect density and a strain gradient is found to be present in all films and has been suggested to form at the interface with the substrate. The strain gradient is manifested in a gradient of the frequency and broadening parameters of the observable IR active modes along the thickness of the graded layer, showing higher strain at the interface which decreases towards the top. All films are compressively strained and partial strain relaxation occurs with increasing film thickness, resulting in narrowing of the IR active modes and shift of the E 1 ͑TO͒ frequency towards the strain-free value. We found that after a thickness of about 58-65 nm the strain relaxation is accompanied by a misfit dislocation generation, an increase of the mosaic tilt and a decrease of the coherence lengths. Therefore, the critical thickness needed for misfit dislocation generation is estimated to be between 58 and 65 nm. The value of the E 1 ͑TO͒ frequency of the relaxed layer is found to confirm previous result for AlN single-crystals, while the LO frequency is found to be somewhat higher than both the E 1 ͑LO͒ and A 1 ͑LO͒ frequencies of AlN single-crystals. A substantial generation of defects is observed at a thickness of 110 nm which results in broadening of the IR active modes and a small blueshift of the E 1 ͑TO͒ frequency.
It is worth noting that the results for the degree of strain and related defect density, and the individual thicknesses of the sublayers deduced from the gIRSE analysis are in good agreement with the HRXRD findings. Therefore, the gIRSE has been demonstrated to be an excellent tool for studying strain evolution in thin films with complex strain behavior. *Electronic address: vanya@ifm.liu.se
